ABSTRACT-Halothane (0.75 to 2.25%) dose-dependently relaxed the vascular smooth muscle of endothelium-denuded rat aortae previously contracted with KCI, and the relaxing effect was not significantly affected by indomethacin nor dexamethasone, but partly inhibited by methylene blue. The cyclic GMP levels were increased by treatment with halothane (2.25%). It was suggested that halothane-induced relaxation of vascular smooth muscle is partly mediated by cyclic GMP formation.
Halothane has been shown to induce relaxation and/or contraction of isolated vascular smooth muscle depending on the site of the vessel, species, and experimental conditions (1) (2) (3) (4) (5) (6) . The present study evaluates the effects of various agents on halothane-induced relaxation and attempts to clarify the mechanism underlying the vasodilatation induced by halothane.
The protocol was approved by the Kyoto University Animal Use Committee. Descending portions of thoracic aortae were isolated from male Wistar rats weighing 250-300g, and they were cut into helical strips for mechanical experiments and cut longitudinally for determination of cyclic nucleotides. Their endothelium was removed by rubbing the intimal surface with cotton pellets in order to avoid the endothelium-derived effects of halothane (3, 4). The aortic strips were then incubated in organ baths containing Krebs' bicarbonate solution, which was aerated with a mixture of 95%02 and 5% CO2 and maintamed at 37 ± 0.5°C. Halothane was introduced in the 02-CO2 mixture through a vaporizer, as described previously (6) . Sodium nitroprusside (SNP) was added directly to the bathing media, and tubes and organ baths containing SNP were covered with black paper to avoid light-induced breakdown of the agent.
For mechanical experiments, aortic strips were fixed to measure isometric tension under the resting tension of 1.0 g. Denudation of endothelium was confirmed by the absence of the relaxant response to acetylcholine (10-6 M) in KCl-contracted strips (7) . Since halothane and methylene blue have been reported to have complex effects on the aadrenergic system (8) (9) (10) , strips were treated with phentolamine (10-6 M) to avoid the involvement of these effects, and then partially contracted with 20 mM KCl before exposure to halothane or SNP. At the conclusion of each experiment, papavenine (10-4 M) was added to the media to induce maximum relaxation, and the relaxation induced by each agent was expressed as a percentage, taking * To whom correspondence should be addressed .
the maximum relaxation induced by papaverine as 100%. To examine the effects of inhibitors of guanylate cyclase, cyclo-oxygenase and phospholipase A2 on halothaneinduced relaxation, strips contracted with 20 mM KCI were exposed to 1.5% halothane repeatedly. After the fourth exposure, the strips for the control study were incubated in the absence of inhibitors for 20 min, and those for treated groups were pretreated with one of the inhibitors including methylene blue (10-5 M), dexamethasone (10-5 M) and indomethacin (10-5 M) for 20 min. Subsequently they were exposed to halothane (1.5%) again (fifth exposure to halothane).
For determination of cyclic nucleotides, aortic strips were suspended in organ baths without tension. They were unexposed or exposed to halothane (2.25%) for 40 min and then immediately frozen in liquid nitrogen; subsequently they were homogenized in 6% trichloroacetic acid. Following ether extraction and succinylation (11) , the samples were radioimmunoassayed for cyclic GMP and AMP using Yamasa assay kits (Yamasa Shoyu Co., Chiba, Japan). The effect of SNP was also measured for comparison.
The results shown in the text and figures are expressed as mean values ± S.E.M. They were statistically analyzed by Student's t-test for unpaired data. P < 0.05 was considered significant.
Helical strips of thoracic aortae without endothelium, which had been precontracted with 20 mM KCI, were relaxed by halothane (0.75 to 2.25%) dose-dependently, and the tension was completely restored by discontinuation of halothane exposure, as shown in Fig. 1 . When each concentration of halothane was applied repeatedly, the relaxing responses increased; the responses to the first applications of halothane, 0.75%, 1.5% and 2.25%, averaged 6.4 ± 0.9%, 23.7 ± 1.5% and 43.8 ± 5.6%, respectively, whereas those to the fifth applications averaged 9.2 ± 1.9%, 35.7 ± 3.2% and 56.3 ± 4.8%, respectively, (n = 6, each), relative to the maximum relaxation induced by papaverine.
As shown in Fig. 2 , the relaxation induced by the fifth exposure to 1.5% halothane was significantly attenuated by methylene blue, but not by indomethacin or by dexamethasone. The finding that indomethacin and dexamethasone did not significantly alter the relaxing response to halothane of endothelium-denuded strips would indicate that prostanoid formations do not play an important role in the direct effect of halothane on vascular smooth muscle of rat aortae, whereas prostaglandin 12 formation might contribute to the endothelium-mediated response to halothane (4) . Although methylene blue has been shown recently to inhibit prostaglandin 12 formation in dog renal artery with and without endothelium (12) , the present finding that methylene blue significantly inhibited the relaxing effect of halothane strongly suggests that activation of guanylate cyclase, i.e., increased formation of cyclic GMP, contributes to the relaxing effect of halothane.
Cyclic GMP levels (in pmol/g wet weight) of control strips and those exposed to 2.25% halothane were 17.4 ± 2.1 and 27.6 ± 3.3 (n = 10 , each), respectively; those pretreated with methylene blue (10-5 M) and exposed to 2.25% halothane were 19.0 ± 3.5 pmol/g wet weight (n = 6). Although cyclic GMP levels were not significantly altered by exposure to 0.75 or 1.5% halothane (data not shown), they were significantly increased by 2.25% halothane (P < 0.05), and the increase was attenuated by methylene blue. Cyclic AMP levels (in pmol/g wet weight) were 145.5 ± 14.3 in control strips and 136.4 ± 15.6 in halothane (2.25%)-treated strips (n = 10, each); cyclic AMP levels were not significantly altered by halothane. Halothane in clinical relevant concentrations has been demonstrated to increase cyclic GMP contents of the myocardium (13) and cerebral cortex (14) of mice. The present study thus revealed that halothane, though at high concentration, increase the cyclic GMP contents of vascular smooth muscle.
The present study evaluated the effects of SNP on the tension of KCl (20 mM)-contracted strips and on cyclic GMP contents to compare them with the effects of halothane. SNP in the concentration of 10-8 M induced relaxation of 46.3 ± 9.5% (n = 6), and increased cyclic GMP levels to 46.1 ± 4.9 pmol/g (n = 9); the increase of cyclic GMP by 10-8 M SNP was much greater than that by 2.25% halothane, although these concentrations of halothane and SNP induced similar extents of relaxation. Kukovetz et al. (15) demonstrated that in bovine coronary artery, there exists a linear relationship between increases in cyclic GMP and relaxation, common to all nitro-compounds tested. Therefore, it appears that in addition to the increased formation of cyclic GMP, another mechanism of relaxation also contributes to the halothaneinduced relaxation. Further study is required to clarify this mechanism.
